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Abstract 
Leaky ultrasonic Lamb waves propagating in liquid-filled steel pipes are widely used by the oilfield service industry in wellbores 
to measure the acoustic properties of the material located outside the pipe. Typically, the annular region between the steel pipe 
and the geological formation is cemented to provide mechanical integrity and to ensure hydraulic isolation between different 
geological layers in the well. We present results from an experimental study along spatial and temporal dimensions to visualize 
the propagating waveforms of such measurements for liquid or solid annular materials behind the steel pipe. Our measurements 
focus on the lowest-order flexural waves. These radiate energy into neighboring layers if the flexural phase speed is supersonic 
with respect to the bulk compressional- or shear-wave phase speeds of the adjacent media. In the case of a compressional phase 
speed higher than the flexural phase speed, the resulting flexural mode attenuation is then strongly reduced. Several annular 
materials with compressional velocities higher and lower than the flexural phase speed were investigated to demonstrate this 
effect. Finally, the propagation of compact flexural-wave packets along the steel pipe was recorded, and the results were 
compared with computed modal dispersion and attenuation curves. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
During the construction of a subterranean well, a steel pipe is lowered into the borehole, and the space between 
pipe and rock formation, the annulus, is filled with cement for mechanical stability as well as hydraulic isolation 
between different geological layers. Ultrasonic imaging is used to evaluate the cement quality and to ensure safety 
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and durability. The most common way of ultrasonic evaluation relies on the excitation of the thickness mode of the 
casing to determine the acoustic impedance of the material directly behind the casing; this enables discriminating 
between well-bonded, stiff solids and liquids (Hayman et al., 1991). However, lightweight cements with low 
acoustic impedance are difficult to distinguish from liquids. In addition, the ability to investigate the annulus 
material beyond the casing outer interface is desirable. To address these issues, an ultrasonic imaging tool relying on 
the excitation of the lowest-order flexural Lamb mode in the steel casing was developed (van Kuijk et al., 2005). The 
resulting guided mode in the steel casing radiates energy into neighboring materials, and because of the low 
dispersion of this mode, compact wave packets can be received after their propagation in the casing and through the 
annulus material. These received waveforms carry information about the annulus material and the state of the 
interface between the annulus material and the formation. For a better understanding of the different contributions 
observed in the recorded waveforms, we conducted an experimental investigation of the pressure fields along spatial 
and temporal dimensions to visualize the propagating waveforms for several annular materials behind the steel pipe. 
2. Experimental Setup 
The present experiments study the multilayer structure sketched in Fig. 1a. The central element of the structure 
was a flat, 8 mm thick, standard carbon steel plate simulating casing. Experiments and simulations have shown that 
a flat structure yields qualitatively and quantitatively similar results to standard curved casing when dealing with 
Lamb waves in the present geometry; therefore, we relied on this geometry for practical reasons. The transducer side 
of the plate was always filled with water. We studied five annulus materials: water, crosslinked polystyrene, nylon, 
PMMA, and fast cement. Material acoustic properties are summarized in Table 1. The 50 mm thick annulus was 
always separated from the water-filled area behind (simulating the so-called geological formation) by a 3 mm steel 
plate to increase acoustic contrast. For crosslinked polystyrene, nylon, and PMMA we used cyanoacrylate to bond 
the material to the steel interfaces. The cement annulus was cured in-situ between the steel plates. 
 
Fig. 1: (a) Sketch of experimental pitch-catch setup with a single transmitter and two receivers. (b) Experimental waveform pairs for near (red) 
and far (blue) receivers recorded on 8 mm casing with various materials in a 50 mm annulus. 
An Isolation Scanner1 ultrasonic measurement device was placed on the inside of the simulated casing with the 
flexural wave imaging pitch-catch portion of the device oriented towards the steel plate (Fig. 1a) (van Kuijk et al., 
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2005). The one ultrasonic transmitter and two identical receivers were all inclined at 33q with respect to the plate 
surface normal to optimize the coupling of flexural acoustic energy into and out of the plate. The transmitter is 
driven by a 100 Vpp single-cycle bipolar electrical pulse at 250 kHz. The acoustic energy emitted by the transmitter 
irradiates the inside of the steel plate and partially couples into the flexural mode of the plate. While this flexural 
wave propagates inside the plate, it loses energy through radiation into both adjacent media—the fluid on the inside 
and the annulus material on the outside (Zeroug et al., 2003). The geometry of the setup (transducer-to-receiver 
spacing and casing standoff) was optimized, such that the primary flexural wave radiation into the fluid reached both 
receivers ahead of any other signal (Fig. 1b). Acoustic energy radiates into the annulus and reflects back from the 
annulus–formation interface toward the plate where it can generate secondary flexural waves, as discussed below. 
     Table 1. Measured acoustic properties for materials used in multilayer structure. 
Material Vp  [m/s] Vs  [m/s] Density  [kg/m3] 
Water 1 480 – 1 000 
Steel 5 930 3 250 7 800 
Crosslinked Polystyrene 2 330 1 150 1 050 
Nylon 2 630 1 150 1 180 
PMMA 2 710 1 370 1 160 
Cement (fast cement) 3 900 2 150 2 040 
 
High-resolution measurements of the local pressure field (waveforms recorded on a 1 mm × 1 mm grid) were 
conducted with a needle hydrophone (aperture size 1 mm) inside the casing and behind the annulus (which usually is 
geological formation, but, in our case, was water filled to allow access with the hydrophone). For the special case of 
water-filled annulus, we recorded waveforms additionally in the annular region. Snapshots at time T=130 μs after 
the firing pulse for water and nylon as annulus materials are shown in Fig. 2. 
 
Fig. 2: Examples of needle hydrophone recorded pressure fields for (a) water and (b) nylon as annulus material. In the case of solid annuli, no 
probe access was possible and, therefore, relevant pressure waves are indicated to help guide the eye (P in cyan and S in yellow). 
3. Discussion of results 
The first signal picked up by the receivers is the primary flexural wave (Fig. 1b). The amplitude attenuation of 
the primary flexural arrival is used to determine the impedance of the material behind the steel plate (Froelich, 
2008). Depending on the annulus material, the secondary flex waves can originate from various mode-converted 
waves propagating through the annulus, which may be reflected from the formation interface again through mode 
conversion. Water as annulus material only allows propagation of compressional waves (P); therefore, all secondary 
flexural waves in the casing are multiples of the compressional wave reflection through the annulus (PP, PPPP, etc.). 
With a solid annulus material, depending on its compressional (Vp) and shear (Vs) velocity, flexural wave energy 
from the steel casing may radiate into the annulus as compressional and shear waves (S). For the three solid 
materials with intermediate acoustic velocities, crosslinked polystyrene, nylon and PMMA, all different 
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combinations of PP, PS, SP, and SS may give rise to secondary flexural waves. However, with increasing Vp of the 
annulus, energy conversion into shear waves is favored, which can be seen by a decreasing amplitude of PP and 
PS/SP and an increasing amplitude of SS (pulses labeled in Fig. 1b). Above a critical Vp of the annulus material 
(given by the flexural phase velocity, e.g., 2750 m/s at 250 kHz for 8 mm steel), no compressional acoustic energy is 
transferred into and out of the steel and secondary flexural waves only exist in form of SS reflections. 
 
Our high spatial resolution scans allowed us to examine the modal content of the primary flexural wave packet by 
processing the series of waveforms acquired along positions closest to the plate. Fig. 3 shows the dispersion curves 
comparing the experimentally measured modal content (as obtained by array processing, Lang et al., 1987) with 
simulated curves. The marker size of the experimental data is proportional to acoustic-energy content, showing that 
the spectral energy is centered around 250 kHz with energy down to about 100 kHz and up to about 350 kHz. When 
the compressional velocity Vp of the annular material is in the velocity range of the measurement, the phase velocity 
dispersion curve is split into two branches. In Fig. 3b, our analysis of the flexural phase velocity for nylon shows a 
small frequency domain around 230 kHz where the flexural phase velocity crosses the compressional velocity of the 
annulus material and two modes coexist. For the low-frequency branch, the phase velocity is slightly reduced 
compared to the fluid-loaded case. 
 
Fig. 3: Comparison of measured and calculated dispersion curves for 8 mm steel plate with water and nylon in annulus. 
4. Conclusion 
We experimentally studied the main characteristics of leaky ultrasonic Lamb waves propagating in the equivalent 
of a liquid-filled steel pipe. Several annular materials with compressional velocities higher and lower than the 
flexural phase speed were studied. Experimental investigations along spatial and temporal dimensions allowed for 
visualizing the propagating waveforms. Measurements focused on the lowest-order flexural waves, which radiate 
energy into neighboring layers, if the flexural phase speed is supersonic with respect to the bulk compressional- or 
shear-wave phase speeds of the adjacent media. If compressional phase speed is higher than the flexural phase 
speed, the resulting flexural-mode attenuation is strongly reduced. Good agreement was found between modal 
analysis of the propagating flexural wave packets along the steel pipe and computed modal dispersion results. 
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